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AN ELECTRICAL SURGE ARRESTOR (ESA ) MODEL FOR
COMPUTER-AI DED DESIGN AND EVALUATION

by

C. T. Kleiner
Rockwell International Electronic Devices Division

Anaheim . California

I. Summary Definition of Model Parameters and Equation s

Elect rical Serge Arrestors (ESA S) are widely used 1. Linear Section
to protect susceptible electrical and electronic components
sub— systems and sy stems from the potent ially damaging 1. Lead inductance lu sua l ly in nan o henries)
effects of ltghtn i rig . btatic discharge , Electromagnetic
Interference and the Electromagnetic pulse arising from H - Fl ux loss (“Q’ ) associated with  L (usually in
potential nuclea r weapon detonations. ESA’s are very non- K ohmsi
linear devices when operating near or above the l)C break-
down potenti al . ihe  ESA model to be described accounts C~ St ray Capacitance (reflected capacitance at the
for a significant num be r of nonlinear effects including (1) - ESA terminals from all other sources, leads,
streamer fo rmation , (2) p lasma conductivity . (3) glow e tc.
region . N arc ext Inguishing. (5) high frequency oscilla-
tions. tfl Thermionic effects , and (7)  heating and heat c Gap Capacitance (measured or calculated for
dissipation to the surrounding medium . The model i s  I l l u s— the Gap )
tra ted in Figure 1 with a corresponding ’~~finit ion for each
parameter in the model . 2 . Nonl inear Section

\ (a) H A nonlinear resistor dependent on theg energy being dissipated within the gap
and transferred to the surrounding medium

Eq uations :

4 H 4

~~ 
~ W :

IN 
- ‘~(?( T

I L~IJiii+ I~i~ ~~~~ ~ki~
dt 

diO t T  ‘ ml

Figure 1. Electrical Surge Arrestor (ESA ) Model ~~~~‘ht~~’r is least

where :

Model Parameters and Equations R~ Instan taneous Resistance of the gap iohm

FIgu re 1 il lustrate s the equivalent circuit for the Vg Instantaneous Voltage across the gap (Volta )
Electrical Surge Arrestor model . The linear portion of the
model i~ defined by the L. Rp L. Cg and C5 elements. The tg instantaneous Current throtzgh the gap (amps)

nonlinear portioe of the model Is also Illustrated and basi- W = instan taneous l~ ergy in the gap (jOules)
cally represents the eosnpiex reaction of initia l streamer/
arc formation followed by plasma fo rmation and includes the w Instantaneous I~ie rgy g~ ierated as input to
Therm ionic potential observed during the ON or conduction I N  the gap Øou les)
phase of ESA operation. The various model parameters ,
nonlinear equations which utilize the parameters will be W = Instantaneous Energy removed frcan the gap
defined and illustrated by model application and comparison Ot T  to the surrounding medium (joules)
to test result.. The various teat circuits are also shown for
the benefit of othe r investi gators wishing to characterize K Scale factor re lat ing H to W (t~-~oules)
ESA~s or spark gaps In a manner described he rein. g 
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- -r
~m 1 = Maxi mum instan taneous oower lost to the

surrounding medium (w atts)

~~~~~ 
= Dissi pation t ime constan t (an average

therm al  time constan t for estab lishing the
rate at which heat energy (jou les) is di ss i — . - —

paled to the surrounding medium ) 15cc’ )

Rgn~ax = Maximum resistance of the air  gap (ohms) - 
. • .

~gmin Mi nim um n ’sis tance of 11w aI r  gap (ohrnsl

~
1”mtn = Minimum ener gy in the a i r  gap (j oulc’ s

= Gap breakdown threshold voltage (volts) - .~ 
—-

R V 100KV ‘ inch in air at STI’ - .Dli Vt o V m I s  I I  POt A5 i T ~~,

= Time for Streamer Formation (- ,,~~,.

increases with gap width )

instan taneous value of a rc’ current below 1grnin which the a rc extin guishes . \
The following controls arc employed : . . -

HI SM I I 11~11
No . 1 If Vg ~DC and IV r 0 . then initiate timer 

2 -

at t (tim e at which the condition for stre amer
0 ~ ‘.

formation has been achiev ed 
- 

‘10

No. 2 At 1 t~ r 
~ 

Initiate computat ion of IV
and subsequent modif ication of H st-c- - . . . .
Fi gure 2 character is t ic  curve) g

No . S Contin ue to monitor IV until W W . A l so ______________ ______________________

m m
monitor Hg and lim 4t Hg to ~~~~~ by corn-
parin g Hg (Wl tO 

~~pnin (bi LOW F R E Q U E N C Y  VS V CI4ARAI .. IER ISTI CS OF

No , 4 Return H to H when gap is f ully Fi gure 2 . Non-Linear Section of }.~ A Model and
extinguished I ~~i Le t  Frequency I V~ Cha racteristics

g gat in

(bj Therniionic E ffect Th€- phenomenon that In addition , there is a sl ight  tendency for these
accounts for the high ON voltage s observed in “Thermionic Rect i fiers ” to store charge s imi lar  to a
ESA ’ s (over 100 volt s),  whereby the emitt ing ESA semiconductor rectifier , hence . the n o t  current on each
block effectively becomes a cold cathode, while the The rm ionic Rectifier is fo rmulated as follows:
collecting ESA block t,ec imes the plate . in wh at
is essentially The rm ionic reaction , namely , the ‘ Hi = 1 HF1 1

11 ‘R I lplasma crea tes a funct ion which is represented
mathematically by the following equations: I = I ‘ T (S tR2 RF2  H HF2

-. 

~~ 
(eJ cp VR/M 10) - 1) (5)

where:
t~~ (exp -%R /M 2 0t - i t  

= Thermionic electron re comb ination tim e (whichH is believed to be on the order of a few
whe re : nanoseconds)

• Thermionle junction potential (Volts) e kT/q - 1)26 @ 27°C IT is set to 300°K (9)

I~~ - I~~ A pseudo-saturation current for the A ~et of typical FSA model data Is shown in Table I.
The rmionic Rectifier (and are also ftmc-
tians of temperature and effective plasm a Using non-Linear model shown in Figure l and the deta
area) shown in Table I. it was possible to analytically obtain

I versus V characteristics showing the extremely non-linear
M 1. M 2 ‘ Multip lier for empirical fit (M has a range behavior of the gap for (1) Streamer , (2) Ar c/p lasma, and

of 50 to 500 depend Ing on the particular (3) Therm ionic form ation including extinguishing of the arc.
ESA ) (non -dimensional) This is shown in Figure 2.

— — 

2 

—



Table I. Examp le of ESA Data

Parameter Value Units 

-OO1 A 

V 0~~ Zhw )
—

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
R pL

1. 130 nh

H 2500 ohm sLinear pL
Secti o n - -

SINUSOIDAL 

20K

C’ 3. is pfdg 9C I 1) fd
S

SOURCE
CURRENT

K 1 - ohm-Joulos

P 15(10 \Vat I ’i  R = 8011m l
1 usec (a) SMALL SIGNAL EQUIVALENT CIRCUIT

(FIGURE 1 LINEAR SECTION)

H 1 -12 ohms

Nonline ar BSection ~ ~~~~~ . 1 oh m s

n1 in

0 - I - —1 nsecSF —

1 DB ~ Volts 

—

1gmmn 5 ma
>

1 1 u a 
_

~~~

_ — 900

5

Thermionic M 500 -

.1 nsc’c I MHz 10 MH z 100 MHz

- — - H O R - 1 M H z T H R O U G H IQO MH Z
(b) LA 8ORATORY TEST RESULTS

I I I  ESA CHARACTERIZATION (USING NP NETWORK ANALYSER)

Sev, ’r ,il types of I SA’s were modeled and F igu re 3. Small Sigual Equivalent Circuit for
characterized (Audio , Power and Antenna ESA ’st for Audio ESA tlielow Breakdow-n and
both the linea r and non-linear components of the Laborato ry Test Response
model .

The linear characteristics can be obtained quite readi ly the r eI at ive (~ high resistance of R and the relatively high
by usin g a network analyzer and “olvin g for the value s of L. gap

C , and R . The result for an Audio ESA is shown in impedi n~ of the onset of the Thermionic conduction
S g pL

Figu re 3.

The nonlinear characteristics are considerably more 1gap
diff i c ult to obtain.

2. l a st Ri se Tino c ‘r est
The following tests were conducted to obta in the non - -

linear characteristics: When the ESA is subjec t to a htgh voltage , fast rise-
time input , two characteri stics become apparent . Fi r st ,

1. oth O V m !Tettt the firing potential increase s and second, the ON voltage is
- only somewhat hig h er than during the sawtooth operation .

The first teat that can be pe rform ed is shown in Fig.- The dynamic resistance becomes much lower which satisfies
ure 4 whe re the ESA i .  Used as the nonlinear element which the functional relationship between H and M B/Igap (bothgapproduces a sawtoo th oscillation. Resistor, H 1 , must 

~ resistors being inverse to arc current density). The high
sufficiently large so that the ‘holdin g current’ wit’ not sus- dv/dt input results in a voltage breakdown vs r ise-tim e
lath a very low electron leakage and prevent oscillat ion , characteristics as shown in Figure 5. The re are two
This determ ines one of the critica l parameters , namely, region s of the curve wh ich are worthy of discussion .
the m inimum power to susta in the arc . This may oot be the Region I shows a fairly gradual increase in apparent gap
mizoixn wn power requi ted to completely describe the inte r- breakdown with incre asing dv/dt . This increase is attr ibut-
action of the plasm a with the surrounding med i um however , able to t).e inte raction of the arc formati on and energy dissi-
The dynamic resistance of the arc can appear quite high pat ton coupled with the effect of the reactive linear elements
even though the capacitor. C 1 is a ver y low impedance (L ’s and C’s) of the ESA. In Region lI the apparen t break-

down of the ESA vs dv/d i increased more rapidly. This issource at the switch point and hence , would be expected to attributed to the time requIred for streamer formation .discharge rapidly giving rise to a high current pulse through This occurs pr ior to arc formation. The net effect of thisthe ESA; this is not the case for this or othe r ESA’s. The
reason for this appa rent high discharge impedance in this ESA response to very hig h values of dv/d t ~or high tie-
sawtooth oscillator configuration is postulated to be due ~ 

quency) reduce s ESA effectiveness for the high frequency
component . of disturbance .

S
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R 1 GAP SWITCH R2
- -00 ~Ww - -

~~ y’:y

F— o
~~~

C2 ~~~~~~~~~~~~~ B~~~~~~ BD ~~~ 

- I_50 V/DIv

-~~~~~~
-

(a) FAST RISE TIME TESTC IRCU IT R
~ 

-~~ MEG . C1 ‘ O O2UFD ,
- a3. 51011, C2 VARIED F RON 50 PFD THROuGH 350 PFD)

02 SEC/DIV
a) TEST RESPONSE (VOLTAGE)

I I

= ~~~~~ TU R N OFF PE~~~OD

SOy/ DIV — — — — —

0 2  SEC/OW
)b) COMPUTER SIMULATION -35K(VOLTAGE I

100 NSEC/OIv
(bI REST RESULTS (VOLTA GEI

ESA
EB~~

2V BO 
C 1

T 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I III 

>

0 \\j ~~ 
= _____

Ic) SAWTOOTH TEST CIRCUIT

~~~~ L _ _ 
_ _TURNOFF -4K

200 NSEC!DIv
10 NA/DIV 

.__II~IIII1I~IIIIIIIII1~ 

id COMPUTER MODEL RESPONSE (VOLTAGE)

b C

• • EXPERIMENTAL Idy/d i)

I MSEC/DIV MODEL (EOUIV SINE WAVE)
Id) COMPUTER SIMULAT ION (CURRENT) 

~~ to —

(TURN OFF PERIOD)
w

0
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ RE G,ON , I7

’

~~
IOM AID ,V 

RISE-TIME (dv/dt) (KV/MSEC)

0 1‘b.o i 0.1 1.0 tO bOO4

(di PLOT OF INCREASED BREAKDOWN VOLTAGE V 6 (APPARENT)
0.6 MS.ECFDIV VS RISE TIME (da/di) OR EQUIVALENT FREQUENCY

I.) TEST RESPONSI (CURRENT)
(TURNOFF PEMIOO I

Figure 5. Characterization of increase in Apparent
VoLtage Breakdown (or Overshoot) vs Rise Time

Figure 4. Sawtooth Oscillator Test Results ~~ Test Circuit. Results and Plot of
Comparison to Computer Model Response V~ vs dv/dt
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3. I~~mped Sine Wave Test R, L~ £~
- C

4In practice a damped sinewav&’ is frequently used to
characterize component and/or subsystem response to
Electrical Serges. As a result , the ESA and corresponding 

1 
1 ~ ‘

model were also characterized using various damped sine- I
wave Input s t imulus . The result of this test and model — j - -
simulation as I llustrated in FIgure 6. Note that the ESA ’s -

can open afte r the initial shorting if the sustaining energy I.) EOUIVA LENI cu s ( : I J I T  11,5 ! A MI’I (~ S’NIw ~~ I PIJLS ER

is Insufficient to cause the arc to sustain. This is par ticu— 
)R S INCLUOESNI NI NI All , A P U I ~ l S TA NCF .

larly true for lower frequencies (—1 M h z  and below) and
higher impedance I-I K~~ sources .

Ib) LAB TEST
IV. Example Computer Coding for the ESA RESULT S

VE sT • 300 V/D IV
- - - Models Using SYSCAP (I HOR - 100 E~ /Dlv

The SYS(’AP II program was used to pe rfo rm ~.ev eral
studies involving the spark gaps and surge arrestors dis-
cussed in Section III. This section will illustrate how some
of these models were programmed using the SYSCA P (I
ALCAP and TRACAP subp rogram s.

ALCAP: The ALCAP (A. C. Linear Computer Analy- I
sis P1 was used to model the linear network shown - -

in Figure 3. Figu re 7 illustrates the coding list used 
—to obtain the results shown in Figure 3. in addition to the

amplitude and pha se vs frequency response. the A LCA P
program was also used to dete rm ine the sensitivity of the
amp litude and phase response to component tolerance at 

~~~~

. ~~~~4

various frequencies . This capability of the program was
very useful in characte rizing the networks since it identified
which elements were the most critical. It showed that L 

— - -

and C were ~-er ~- critical around resonance while R and ______g pL _... .~~__L . I
s _ -a l — —C, were not as sensitive . 

..:~~
.• - •~~

-a- • • —

EXAMPLE OF PULSER MODEL (C/ R I USING SIMPLE
TRACAP ; The TRACAP (TRAnsient Computer Anal- EQUIVALE NT CIRCUIT LAB TEST RESULTS

ysts Program ) was used to model the combined linear and cl EOU I V CIR CUIT RESPONSE IPOP8.-~ V E S T  • 300 V/D IV

non-linear model shown in FIgu re 1. F’igure B illustrates HOR 200 NSmIV

an example of TRACAP coding used to obtain the non-
linear 1(v) characteristics ~aa shown in Figure 2). It should
be noted that there is a significant negative resistance
region which is characte ristic of spark gaps which has been
ve ry difficult to model in the past but posed no significant
problem s using the TRACAP code due to the conservative
convergence algorithm s that have been used.

Another example of TRACA P application for ESA
modeling is illustrated in Figure 9 where a damped sine-
wave stimulus simulates a potential surge die turbance.
The result. are compared to test data shown in Figure 10.
In this case two functions are used, namely FUNC 1 to osss ’o lv
characterize the ESA resistance Rg(W) and FUNC 2 to (d) LAB TEST RESPON SE USING DAMPED SINE WAVE PULSE S
generate the exponentially damped sine wave~ 

“ ‘

— Aa~~~~~ sin (wt) . - - -

These examples have been given so that scientist s and
engineers who are Interested in this type of model (surge - - +-

protection analysis/design i can readily avail themselves of
this capability via the SYSCAP program .

V. Conclusions

The ESA model presented in this paper is relatively
eaay to uae (in an approp rtate coinputer program such ae “~~~‘ 

‘“ . ‘~~~~~- ~~~‘

SYSCAP II) and permits a detailed evaluation spark gap I MS/DI V
protection to a variety of electrical surge stimulus. The h I  ESA MODEL RESPONSE ( INCLUDING SHORT

model accounts for the extremely nonlinear behavior of the INDUCTANCE L OOP RINGING) (TEKT RONIX 4010)

ESA gap including intermittent firing, variation in ON
impedance and othe r related phenomenon. Examples of FigUre 6. Compari son of ESA Lab i’ests
model application demonstrate the behavior of the model (Dam ped Sinewave) and ESA Model
in the linear and non-linear regions. Response ~Tektrontx 401 )) Disp l ay)
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(0 DB) (a) CODING 

(0 DB

-2008
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‘ - - - - . - 

...00   - -  - - - I  - 
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Ftgure 7. SYSCAP U (ALCAP) Coding and .~ 
. - . . . . . .

Amplit**Ie/Phase Response Using a TI
Silent 700 Terminal

• C ~~‘ — - - . -
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1. SYSCAP II User information Manual (Publication -

No. 76070600). Available through CDC Cybe met
Data Services Publications P.O . Box 0, HQW O5F . Figure 8. fllustrati on of interactive SYSCAP II (TRACAP )
M iomespolis, MN 55440 Coding and Response Using a TI 700 Terminal
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(a) CODING
GAP SWITCH

- - - - - “.‘,,~~ - I.) DAMPED COSINE TEST CIRCUIT ~ R~. R~ . 53 - 5051.
I,, — 1/2s~,/L1C1, 0 ~ 7 2rf 0L 1 / (R 2 * R3)(

- - -- 
~~~~~~~~ 

- - - 500 VIDIV

- - 
- --- f - Ib) TEST RESULTS

III) ((0 Mu,
(bI PLOT OF NOD E I .2. DAMPED WAVE

CURRENT (IllS) THROUGH 0 - 4 1

-

, 

E~~~ AN~ GAP

,

RESISTA NC~   SA/D IV

• ~ t I - - 100 NSEC/ DIV

—
-

- - 1 K V /D IV

t I I~ ~1 
t

I
~~~

l
~~~~

3 i : t t . : l * . :t t :I t 

Id 
SPONSE 

~~~~ ~~~~~~~~~~~~~~~~~

I - (INCLUDES
‘I - RINGING

II DUE TO L. 
-~~~~~~- - — - . - - -  . C5 4 C,I-

~ 
- _ _ _ _ _

~ ! T ! ~

Ic) CUmRENT VS TIME 200 P4SEC/DIV
iTEKTRON ~X 40(0)

FIgure 9, Illustration of InteractIve SYSCAP 11
(TRACAP) Cod ing and Response for a Figure 10. Test Circuit and Respoi.se Comparison

Dømped Sinewave Inpu t for a Damped Sinewav e
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